Background: T helper (Th) cell differentiation is a complex process regulated by multiple factors. Results: PIM kinases promote Th1 differentiation through regulating the expression of genes important for this process. Conclusion: PIM kinases were identified as new regulators of Th1 cell differentiation. Significance: This study provides new insights into the mechanisms controlling Th cell differentiation.
The differentiation of human primary T helper 1 (Th1) cells from naïve precursor cells is regulated by a complex, interrelated signaling network. The identification of factors regulating the early steps of Th1 cell polarization can provide important insight in the development of therapeutics for many inflammatory and autoimmune diseases. The serine/threonine-specific proviral integration site for Moloney murine leukemia virus (PIM) kinases PIM1 and PIM2 have been implicated in the cytokine-dependent proliferation and survival of lymphocytes. We have established that the third member of this family, PIM3, is also expressed in human primary Th cells and identified a new function for the entire PIM kinase family in T lymphocytes. Although PIM kinases are expressed more in Th1 than Th2 cells, we demonstrate here that these kinases positively influence Th1 cell differentiation. Our RNA interference results from human primary Th cells also suggest that PIM kinases promote the production of IFN␥, the hallmark cytokine produced by Th1 cells. Consistent with this, they also seem to be important for the upregulation of the critical Th1-driving factor, T box expressed in T cells (T-BET), and the IL-12/STAT4 signaling pathway during the early Th1 differentiation process. In summary, we have identified PIM kinases as new regulators of human primary Th1 cell differentiation, thus providing new insights into the mechanisms controlling the selective development of human Th cell subsets.
The different subsets of human T helper (Th) 3 cells play distinct roles in the immune system. Among these are Th1 and Th2 type cells, which originate from common naïve precursor cells and protect the host against intracellular and extracellular pathogens, respectively. Disturbances in the normal Th1 or Th2 cell generation or in the balance between the different subsets have been implicated in the development of many autoimmune and allergic diseases. Identification of the factors regulating Th1 and Th2 cell differentiation is an active area of investigation and may provide important insight in the development of better diagnostics and therapies for these diseases.
The most important stimuli for inducing Th cell differentiation from a naïve precursor cell are the T cell receptor (TCR)-mediated activation and the cytokine milieu surrounding the cell. Stimulation through TCR induces the activation of several transcription factors, such as nuclear factor of activated T cells (NFAT), activator protein-1, and nuclear factor B (NF-B), which are important inducers of several cytokine genes and have been implicated in the regulation of Th1/Th2 cell devel-opment (for reviews, see Refs. 1 and 2). The hallmark cytokine produced by Th1 cells, IFN␥, is induced upon the TCR activation by NFAT and NF-B (3) (4) (5) (6) (7) . Secreted IFN␥ positively autoregulates Th1 differentiation by binding to its receptor and activating STAT1. TCR activation and STAT1 induce the expression of T box expressed in T cells (T-BET), a key transcription factor driving the Th1 polarization (8, 9) . T-BET further induces the transcription of IFN␥ and enhances the expression of interleukin-12 receptor ␤2 (IL-12R␤2) (9 -11) . IL-12R␤2 is not expressed in naïve T cells but is complementarily induced by TCR activation and T-BET and maintained by IFN␥ (12, 13) . Once the expression of IL-12R␤2 is up-regulated, IL-12, a key cytokine driving Th1 differentiation, is able to activate STAT4, an important inducer of IFN␥ and IL-12R␤2 expression (11, 14 -17) . The Th1 cell differentiation is thus regulated by an interrelated signaling network with multiple factors positively regulating each other.
The proviral integration site for Moloney murine leukemia virus (PIM) family of serine/threonine-specific kinases consists of three members, PIM1, PIM2, and PIM3. These kinases are evolutionarily highly conserved and have largely overlapping functions but differ in their tissue distribution (18, 19) . PIM1 and PIM2 have been reported to be predominantly expressed in hematopoietic cells where their expression is regulated by several cytokines and growth factors (19, 20) . PIM3 has been suggested previously to be expressed mainly in brain, kidney, liver, and epithelia (18, 21) and very recently in mouse and human CD4ϩ T cells (22) . PIM kinases are known regulators of cytokine-dependent proliferation and survival in hematopoietic cells (23) (24) (25) . The substrates and binding partners identified for PIM kinases include Bcl2-associated death promoter (BAD) protein, a proapoptotic protein; p100, an activator of c-Myb transcription factor; and NFATc1, a mediator of TCR signaling as well as several factors involved in cell cycle regulation (20) . PIM1 has also been shown to activate c-MYC target genes by chromatin phosphorylation (26) . In addition, PIM kinases have been implicated in the inhibition of STAT5 and STAT6 signaling through the regulation of suppressor of cytokine signaling proteins SOCS1 and SOCS3 (27, 28) .
We have previously reported that the expression of PIM family genes is up-regulated by Th1-polarizing cytokines (29) , suggesting a role for PIM kinases in the regulation of Th1 cell differentiation. In this study, we have investigated the functional role of PIM family kinases in the regulation of human Th1 cell differentiation. We demonstrate that the PIM kinases promote the Th1 cell differentiation by inducing several factors critical for the Th1 polarization. Our RNA interference results depict that the PIM kinases are important for the up-regulation of two Th1-driving pathways, IFN␥/T-BET and IL-12/STAT4 pathways.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfections-Human mononuclear cells were isolated from the cord blood of healthy neonates using Ficoll-Paque isolation (Amersham Biosciences). CD4ϩ cells were further purified using DYNAL magnetic beads (Invitrogen). Cells from several individuals were pooled after the isolation. Cell cultures were made in Yssel's medium (Iscove's modified Dulbecco's medium (Invitrogen) supplemented with Yssel's medium concentrate, penicillin/streptomycin, and 1% AB serum). Cells were activated with plate-bound ␣-CD3 (0.5 g/well) and soluble ␣-CD28 (0.5 g/ml; both from Immunotech, Marseille, France) and at the same time polarized toward Th1 cells with 2.5 ng/ml IL-12 or toward Th2 cells with 10 ng/ml IL-4 (both from R&D Systems, Minneapolis, MN). IL-2 (40 units/ml; R&D Systems) was added into the cultures after 48 h of priming.
For PIM knockdown experiments, freshly isolated CD4ϩ cells were suspended in Opti-MEM I (Invitrogen) and transfected with siRNA oligonucleotides (Sigma-Aldrich) (see Table  1 ) using the nucleofection technique (Amaxa, Cologne, Germany). 4 ϫ 10 6 cells were transfected with a total of 4.5 g of siRNA (4.5 g of non-targeting (NT) siRNA or 1.5 g each of PIM1/2/3 siRNA). The nucleofected cells were allowed to rest for 20 h in RPMI 1640 medium (Sigma-Aldrich) supplemented with penicillin/streptomycin, 2 mM L-glutamine, and 10% FCS at 37°C (2 ϫ 10 6 cells/ml) and subsequently activated and cultured in Yssel's medium as described above. For STAT4 and STAT6 knockdown experiments, 1.5 g of NT siRNA, STAT6 siRNA, or STAT4 siRNA (pool of two siRNAs; 1:1) was used. Nucleofections and culturing were performed similarly as in the PIM knockdown experiments except that the cells were rested for 24 h after nucleofection. Research involving the use of blood from unknown donors was permitted by the Finnish Ethics Committee.
Sorting and Analysis of Human Memory Th1 Cells-CD4-positive lymphocytes from buffy coats of healthy donors (Red Cross Finland Blood Service, Helsinki, Finland) were isolated as described under "Cell Culture and Transfections." After isolation, CD4ϩ cells were stained with CD183 (CXCR3)-allophycocyanin and CD4-phycoerythrin (both from BD Pharmingen), and the CXCR3ϩCD4ϩ cell population was isolated using a FACSAria IIu cell sorter (BD Biosciences). A fraction of the CXCR3Ϫ CD4ϩ cell population was collected as control. Antimouse IgG1 -allophycocyanin and anti-mouse IgG1 -phycoerythrin (both from BD Pharmingen) were used as isotype controls. Sorted cell populations were activated with plate-bound anti-CD3 and soluble anti-CD28 and cultured in Yssel's medium (as described above). After 24 and 48 h of culturing, samples for Western blotting were collected. The intracellular IFN␥ production of the CXCR3-positive and -negative populations was analyzed after 40 h of activation by intracellular cytokine staining as described below.
Real Time Quantitative RT-PCR-Total RNA samples were isolated and prepared for RT-PCR analysis as described previously (30) . The gene expression levels were measured using the TaqMan ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA) (31) . The primers and probes used (Oligomer, Helsinki, Finland; see Table 1 ) were designed using Primer Express software (Applied Biosystems). Universal Probe Library assays (Roche Applied Science) were designed using ProbeFinder TM software. The mRNA levels were normalized against the levels of a housekeeping gene, elongation factor 1␣ (EF1␣) (31) .
Western Blotting-Cells were lysed in Triton X-100 lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Triton-X-100, 5% glycerol, 1% SDS, 1 mM Na 3 VO 4 , 10 mM NaF), boiled for 5 min, and sonicated, and equal amounts of protein were subsequently separated by SDS-PAGE and transferred to nitrocellulose membrane. Proteins were detected using the following antibodies: mouse ␣-PIM1 (12H8, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit ␣-PIM2 (ATLAS Antibodies, Stockholm, Sweden or D1D2, Cell Signaling Technology, Beverly, MA), rabbit ␣-PIM3 (D17C9, Cell Signaling Technology), mouse ␣-T-BET (4B10, Santa Cruz Biotechnology), rabbit ␣-STAT1 p84/p91 (E-23, Santa Cruz Biotechnology), rabbit ␣-STAT4 (C-20, Santa Cruz Biotechnology), mouse ␣-STAT6 (BD Biosciences), mouse ␣-GAPDH (number 5G4, 6C5, HyTest, Turku, Finland), and mouse ␣-␤-actin (Sigma-Aldrich). Horseradish peroxidase-conjugated goat ␣-mouse IgG (Santa Cruz Biotechnology) or ␣-rabbit IgG (BD Biosciences) were used as secondary antibodies. The proteins were visualized with enhanced chemiluminescence (GE Healthcare), quantified with a microcomputer imaging device (M5ϩ, Imaging Research Inc., St. Catharines, Canada), and normalized against ␤-actin. For quantification, suitable non-overexposed film was used for each protein studied.
Milliplex TM Cytokine Assay-To measure IFN␥ production from Th1-polarized cells, duplicate samples were stained on 96-well plates (Milliplex Map kit, Millipore, Billerica, MA) according to the manufacturer's instructions and measured using the Luminex 100 TM system (Luminex, Austin, TX). The cytokine concentrations of cell culture supernatants were normalized against relative cell counts obtained by flow cytometry.
Immunofluorescent Staining and Flow Cytometry-To measure the expression of IL-12R␤2 on the surface of Th1-polarized cells, cells were first incubated with rat ␣-human IL-12R␤2 (CD212) antibody or rat IgG2a (isotype control; both from BD Pharmingen) and then with biotin-conjugated ␣-rat antibody (BD Pharmingen) and finally labeled with streptavidin-peridinin-chlorophyll protein complex (BD Pharmingen). Samples were measured with the FACSCalibur TM system and analyzed with CellQuest Pro (both from BD Biosciences).
Intracellular Cytokine Staining-The flow cytometric analysis of intracellular cytokine staining of nucleofected Th1-polarized cells was performed as described previously (32) . In short, the NT and PIM1 ϩ PIM2 ϩ PIM3 (PIM123) siRNAnucleofected cells were activated and cultured under Th1-polarizing conditions for 6 days after which the cells were harvested and washed with PBS. Half of the cells were restimulated with 5 ng/ml phorbol 12-myristate 13-acetate (Calbiochem) and 0.5 pg/ml ionomycin (Sigma-Aldrich) in Yssel's medium, and the other half was incubated in Yssel's medium and used as an unstimulated control. After 2 h of incubation, 10 g/ml brefeldin A (Alexis Biochemicals, Lausanne, Switzerland) was added, and incubation was continued for another 3 h. Cells were washed twice with 0.5% BSA, PBS (w/v), 0.01% NaN 3 ; fixed with 4% paraformaldehyde, PBS; and permeabilized with 0.5% saponin, PBS. Anti-human IFN␥-FITC (Invitrogen) was used for staining of the intracellular IFN␥ and anti-mouse IgG1-FITC (Invitrogen) was used as an isotype control. Cells were analyzed with the FACSCalibur system and analyzed with CellQuest Pro (both from BD Biosciences).
Microarray Studies-Nucleofected cells were harvested at 6 h after culturing them under Th1-or Th2-polarizing conditions from three independent biological replicate cultures. The subsequent sample treatments were performed at the Finnish Microarray and Sequencing Centre, Turku, Finland. Total RNA was isolated with an RNeasy Mini kit (Qiagen, Valencia, CA), and sample preparation for GeneChip (Affymetrix, Santa Clara, CA) oligonucleotide array hybridizations was performed according to the manufacturer's instructions using 250 ng of total RNA as starting material with a GeneChip 3Ј IVT Express kit (Affymetrix). Samples were hybridized to HG-U219 arrays using a GeneTitan instrument (both from Affymetrix). Microarray data were normalized using a robust multiarray average algorithm (33) . Duplicate and unannotated probe sets were removed using the genefilter package in R. 4 In the case of duplicates, the probe set with the highest interquartile range was retained. Present and absent calls for probe sets were generated by fitting the chip-wide expression data to a two-component Gaussian distribution function using the standard expectation-maximization algorithm implemented in the mixtools package in R (35) . A probe set was defined to be present if it has an expression value higher than the threshold where the two components of the Gaussian distribution densities meet (36) . ComBat with non-parametric empirical priors was used to correct for the batch effect (37) . Differential expression analysis was done using the moderated paired t test as implemented in limma (38) . The genes were considered as differentially expressed when the Benjamini-Hochberg adjusted false discovery rate was Ͻ0.1 and log -fold change was ϽϪ0.5 or Ͼ0.5. Overrepresentation analysis of transcription factor binding sites was done using GeneTrail (39) .
RESULTS

Expression of PIM Kinases in Th Cells Is Regulated by the Knockdown of STAT4 and STAT6-
To analyze the expression levels of PIM family kinases during human T helper cell differentiation, naïve Th precursor (Thp) cells were activated and either cultured in neutral conditions without polarizing cytokines (Th0) or differentiated in the Th1 or Th2 direction. With the Western blotting measurement of the protein levels of PIM1, PIM2, and PIM3, enhanced expression was observed in all the treated cells relative to Thp cells at the time points studied, indicating that the PIM kinases are induced in response to TCR activation (Fig. 1A) . The expression of PIM3 was much more rapidly induced than PIM1 or PIM2 and was strongly up-regulated already 6 h after activation. PIM2 was observed to be induced more rapidly than PIM1 after the primary activation and polarization and reached its maximum earlier (Fig. 1A) . Importantly, however, the expression of PIM kinases was more pronouncedly induced in cells polarized in the Th1 direction than in the Th2 direction. Any Th1 preference of PIM3 could only be seen at later time points usually 72 h to 4 days after activation. These results are consistent with our previous data indicating that PIM1 is preferentially expressed by Th1 cells at both mRNA and protein levels (29) . In this earlier study, PIM2 mRNA was also shown to be up-regulated in human Th1 cells.
To answer the question whether the observed up-regulation of PIM kinase expression in the in vitro polarized Th1 cells can also be seen in Th1 cells developed in vivo, we studied the expression of PIM kinases in CXCR3ϩCD4ϩ cells isolated from buffy coats. CXCR3 is a chemokine receptor exclusively expressed on memory Th1 cells distinguishing them from Th2 and Th17 cells (40, 41) . The proportion of the CXCR3-positive cells of total CD4ϩ cells ranged from 10 to 25% depending on the donor. A fraction of the CXCR3-negative population was collected as a control. For Western blot analysis, the CXCR3-positive and -negative fractions were activated and cultured for 24 or 48h after which the samples were collected. For intracellular IFN␥ staining, a proportion of cells was harvested after 40 h of activation and restimulated with phorbol 12-myristate 13-acetate and ionomycin, and intracellular IFN␥ was measured by flow cytometry. The CXCR3-positive restimulated cells produced more IFN␥ than the CXCR3-negative cells (average 16.7 versus 2.0%, respectively; p ϭ 0.014). Furthermore, the Western blotting measurement of the protein levels of PIM1, PIM2, and PIM3 revealed an enhanced expression of PIM1 and PIM2 by the memory Th1 cells compared with CXCR3-negative cells (Fig. 1B) . However, at the PIM3 protein level, no clear difference was observed between the CXCR3-positive and -negative cells.
To further study the regulation of PIM expression in Th cell differentiation, we investigated the involvement of STAT4-and STAT6-dependent pathways. For this purpose, human naïve CD4ϩ cells were nucleofected with NT, STAT4-, or STAT6-specific siRNA oligonucleotides ( Table 1) . The cells were then cultured in the presence of IL-12 (Th1) or IL-4 (Th2) for 24, 48, or 72 h. When the cells were cultured in Th1 conditions, the levels of PIM1, PIM2, and PIM3 were diminished in response to the depletion of STAT4 (Fig. 1C) . On the other hand, the levels of PIM1 and PIM2 were increased in response to the depletion of STAT6 when cells were cultured in Th2 conditions (Fig. 1D) . PIM3 was not affected by the STAT6 depletion. These results suggest that STAT4 is at least in part responsible for the up-regulation of PIM kinases during Th1 cell polarization, whereas during Th2 cell polarization, the expression of PIM1 and PIM2 is suppressed by STAT6-dependent signaling.
PIM Kinases Are Important for the Induction of IFN␥ and T-BET during the Early Phases of Human Th1
Cell Development-Having observed that PIM kinases were preferentially expressed by Th1 cells compared with Th2 cells, we chose to examine whether they have any role in the regulation of the Th1 differentiation process. Thus, the potential influence of the PIM knockdown on the expression of IFN␥ and T-BET was analyzed. To address these questions, an siRNA approach was used to knock down the expression of PIM family members in human naïve CD4ϩ cells. The cells were nucleofected with NT or PIM-specific siRNA oligonucleotides (Table 1) and polarized in the Th1 direction. PIM1-, PIM2-, and PIM3-specific siRNAs were used simultaneously. The knockdown efficiencies of the siRNAs were controlled by measuring the PIM protein levels at the indicated time points (Fig. 2A) . All PIM siRNAs knocked down their targets efficiently and specifically, and the triple knockdown was as efficient as the individual siRNAs separately ( Fig. 2A and data not shown) . The siRNA-mediated knockdown of three PIM kinases lasted up to 48 -72 h after which its effect decreased most likely because of the proliferation of the cells (Fig. 2A) . The knockdown data obtained by these siRNAs was also confirmed with two other siRNA sequences for each PIM kinase.
Because the effects of siRNA oligos are diluted after a few days in culture, our experiments were carried out at the early phases of Th1 cell differentiation. The analyses of the cell culture supernatants by Milliplex cytokine assays indicated that IFN␥ production was most prominently inhibited when all three PIM kinases were knocked down by siRNA (Fig. 2B and  data not shown) . This effect lasted for at least 72 h, and the PIM triple knockdown cells secreted less than 50% of the IFN␥ secreted by the control cells. Importantly, TaqMan RT-PCR analysis revealed that the level of IFN␥ mRNA was significantly down-regulated by PIM siRNAs already after 12 h of polarization, indicating that PIM kinases affect IFN␥ production at the transcriptional level as well (Fig. 2C) . Although the effects of siRNA oligos are diluted after a few days in culture, intracellular IFN␥ staining of nucleofected cells revealed that there was still a small but statistically sig- nificant reduction in intracellular IFN␥ after 6 days of culture and restimulation (Fig. 2D ).
The measurements of T-BET mRNA indicated that it is rapidly and highly induced in response to the activation and IL-12 stimulation of naïve Thp cells. This early induction of T-BET mRNA was delayed by the PIM knockdown with the effects observed already 12 h after polarization although no longer after 24 h of culture (Fig. 3A and data not shown) . Consistent with the mRNA data, Western blotting analysis of T-BET protein levels demonstrated that its expression was also down-regulated in response to the PIM depletion (Fig. 3B) . Strong effects were seen after both 12 and 24 h of culture. The PIM triple knockdown down-regulated T-BET at the protein level more than 50% in comparison with control cells. The level of T-BET was highly up-regulated under Th1-polarizing conditions during the first 24 h of culture (Fig. 3B) , which may have reduced the effects of PIM siRNAs after the 24-h time point. Taken together, our data indicate that the depletion of PIM kinases slows down the induction of IFN␥ and T-BET at both the mRNA and protein levels.
PIM Kinases Regulate the IL-12/STAT4 Signaling Pathway during Early Th1 Cell Polarization-IL-12/STAT4
signaling is a critical pathway in the Th1 cell differentiation. Because PIM kinases were observed to regulate the expression of T-BET and IFN␥, it was of interest to study whether they have any influence on the expression of IL-12R␤2 and/or STAT4, which have been shown to be direct or indirect targets of T-BET and IFN␥ signaling (9, 11, 12, 42) . We noticed that the depletion of PIM kinases from CD4ϩ cells significantly down-regulated the expression of IL-12R␤2 at both the mRNA and protein levels (Fig. 4, A and B) . The IL-12R␤2 mRNA was down-regulated by the PIM siRNAs most efficiently at the 12-h time point, and this down-regulation by PIM triple knockdown was still more than 50% and statistically significant at the 24-h time point (Fig. 4A) . At the protein level, the effect was seen already at the 24-h time point and started to slowly decrease thereafter. The triple knockdown still had a clear effect after 72 h of culturing as the relative amount of surface IL-12R␤2 was 40% as compared with control (Fig. 4B) .
We also investigated the influence of PIM kinases on STAT4 and STAT1, which are important mediators of IL-12-and IFN␥-induced signaling pathways, respectively. The expression of STAT4 was transiently down-regulated by the triple knockdown of PIM kinases at 24 h after Th1 priming, whereas the expression of STAT1 was not influenced by the PIM siRNAs (Fig. 4C) . Consistent with the protein data, STAT4 mRNA was down-regulated by the PIM knockdown at the 12-h time point, although the effect was no longer seen at the 24-h time point (Fig. 4D and data not shown) . Taken together, our results show that the depletion of PIM kinases from human Th1-polarized cells down-regulates the expression of IL-12R␤2 and has also a transient effect on STAT4.
Transcriptional Profiling of PIM Kinase Knockdown Th1 Cells Reveals Potential Downstream Transcriptional RegulatorsHaving observed that the knockdown of PIM kinases impairs the IFN␥ and T-BET expression as well as the IL-12/STAT4
pathway, we further studied the transcriptional regulation downstream of PIM kinases. We carried out a genome-wide transcriptional profiling of PIM knockdown T cells polarized in the Th1 and Th2 directions. For this purpose, cells were nucleofected with either NT siRNA or a mixture of PIM1, PIM2, and PIM3 siRNAs and cultured under Th1-or Th2-polarizing conditions. Six hours after cell activation, samples were collected for microarray analysis. This early time point was selected to avoid indirect influences of T-BET and STAT4 down-regulation induced by PIM knockdowns. The microarray analysis was performed from 3 independent replicate cultures and the PIM kinase knockdowns were confirmed by Western blot and/or TaqMan RT-PCR from samples collected at the 24-h time point (data not shown). The expected target genes of PIM kinase knockdown, IFN␥ and T-BET, were both found to be downregulated in the data set when PIM123 siRNA Th1 samples were compared with NT Th1 samples (supplemental Table S1 ). In cells polarized in the Th1 direction, altogether 241 genes were found to be differentially expressed (DE), and 114 of these were down-regulated. Similar analysis of the effect of PIM knockdown was performed with cells polarized in the Th2 direction. The DE genes of Th1 differentiated cells were compared with DE genes of Th2-polarized cells (supplemental Fig.  S1 ). This comparison revealed that the majority of the DE genes of both Th1-and Th2-polarized cells were different, and only 24 genes were differentially expressed in both cell types. To further analyze the microarray results, the DE genes of Th1-polarized PIM knockdown cells were classified into functional classes using annotations given by the Ingenuity Pathway Analysis system (Fig. 5, A and B) . The distribution of both up-and down-regulated genes into functional classes was found to be similar. Among the down-regulated genes, 11 were transcriptional regulators, including T-BET, protein inhibitor of activated STAT 2 (PIAS2), and NFAT5 (Fig. 5C ). On the other hand, 12 transcription factors, including TGF␤ signaling-related proteins TGFB-induced factor homeobox 1 (TGIF1), SMAD family member 2 (SMAD2), and SRY (sex-determining region Y) box 4 (SOX4), were up-regulated when PIM kinases were knocked down. In addition to these differentially expressed transcription factors, we further investigated which transcription factors could be responsible for the observed transcriptional changes using the whole list of differentially expressed genes. For this purpose, an overrepresentation analysis of transcription factor binding motifs on gene promoters was performed using the GeneTrail tool. By this analysis, we identified four transcription factors whose target genes were enriched among the differentially regulated genes (Fig. 5E ).
These transcription factors were NFATc1, Nf-B, STAT5, and activating transcription factor 2 (ATF2). Both Nf-B complex and p65 subunit were among these transcription factors, and altogether, seven Nf-B target genes were found to be down-regulated. Further on, Ingenuity Pathway Analysis was used to analyze the putative transcription factors downstream of PIM kinases. In addition to the above mentioned seven Nf-B target genes, the Ingenuity Pathway Analysis resulted in one more Nf-B-regulated gene, TFPI2, which was also down-regulated (Fig. 5D and supplemental Table S1 ). In summary, these results indicate that down- regulation of PIM kinases influences many other genes in addition to IFN␥, IL12R␤2, STAT4, and T-BET during the early stages of Th1 cell differentiation.
DISCUSSION
In this study, we have identified for the first time the role of the serine/threonine kinases PIM1, PIM2, and PIM3 as regulators of human Th1 cell differentiation. These results demonstrate that all three PIM kinases are expressed more in Th1 than Th2 cells and that both STAT4 and STAT6 regulate their expression. In Th2-polarizing conditions, STAT6 appears to down-regulate PIM1 and PIM2 expression, whereas in Th1 conditions, the depletion of STAT4 leads to down-regulation of all three PIM kinases. Our results suggest that in addition to up-regulation in Th1 conditions the expression of PIM kinases is also negatively regulated in Th2 cells. Very recently it was reported that all PIM kinases are up-regulated in response to activation in murine and human CD4ϩ T cells (22) . Similarly, as in our results, a more pronounced and faster up-regulation of PIM3 was observed in comparison with PIM1 and PIM2 in activated murine CD4ϩ T cells. However, in contrast to our data, no difference in PIM1 expression was found among Th1, Th2, and Th17 cells. Notably, however, they used murine CD4ϩ cells in which the expression of Pim kinases may differ from that observed in human cells.
In vivo differentiated Th1 cells express high levels of CXCR3 chemokine receptor, which distinguishes them from Th2 and Th17 cells (40, 41) . CXCR3 is essential for effector and memory Th1 cell migration, and its expression is regu- lated by T-BET (41) . Similarly as in the in vitro polarized Th1 cells, we found that the CXCR3-positive cells expressed more PIM1 and PIM2 than the CXCR3-negative cells. Although our results did not show any difference in PIM3 expression between these two cell populations, these results indicate that at least PIM1 and PIM2 might have a role in in vivo developed Th1 cells.
During the early differentiation of Th1 cells, PIM kinases positively influence the production of IFN␥, the hallmark cytokine produced by Th1 cells. Consistent with this, our data show these kinases to be important for the expression of T-BET and the IL-12/STAT4 signaling pathway, which are critical driving factors during the early Th1 cell polarization. The effects of PIM knockdown on T-BET and IFN␥ were already seen 12 h after activation. T-BET was down-regulated at the protein level by the PIM siRNAs until 24 h after activation, whereas the PIM triple knockdown Th1 cells secreted less IFN␥ than the control Th1 cells for at least 72 h. Although the effect seen on the secretion of IFN␥ decreased to some extent toward the 72-h time point, a slightly impaired Th1 response was observed in intracellular cytokine staining of restimulated Th1 cells at day 6 in PIM knockdown cells compared with control. In line with these results, the PIM depletion had a strong effect on surface IL-12R␤2 at all the time points studied until 72 h. IL-12R␤2 has been shown to be regulated by T-BET (9, 11), although contradictory data also exist (17, 42) . It is possible that the influence of PIM kinases on IL-12R␤2 expression is at least partly mediated via the early regulation of T-BET. STAT4 mRNA expression was transiently down-regulated by PIM siRNAs at the 12-h time point and at the protein level at the 24-h time point. Because T-BET has been reported to induce STAT4 expression (42) , it is possible that PIM kinases influence STAT4 at least partly via T-BET.
Our PIM siRNA experiments have shown that the PIM triple knockdown has a more prominent effect than any of the PIM siRNAs individually. This supports the idea that PIM kinases can substitute each other's functions in cellular processes, and it is in line with mouse PIM triple knock-out studies (19, 20) . The PIM triple knock-out mice displayed reduced body mass and moderate defects in T cell proliferation, whereas Pim1 Ϫ/Ϫ knock-out mice did not have any pronounced phenotype (19, 20) . Our own individual PIM siRNAs, however, affected the Th1 cell differentiation, and the simultaneous use of all three PIM siRNAs enhanced these effects on all of the factors studied. The RNA interference data obtained by the individual PIM siRNAs was also confirmed by using two other siRNA sequences for each PIM kinase. Similar effects on IFN␥ secretion were obtained with all three siRNA sequences, thus further supporting the hypothesis.
The knockdown effects of the PIM kinases were generally transient. This is best explained by the fact that the siRNA oligonucleotides are diluted after the cells start to proliferate. Although the early induction of the PIM proteins in Th1 cells was almost completely inhibited by the siRNAs, their amounts began to increase 48 -72 h after the initiation of Th1 polarization, thus explaining why the effects of the knockdown were reversed relatively quickly. However, the intracellular cytokine staining showed that the PIM knockdown Th1 cells still had at day 6 a reduced amount of intracellular IFN␥ compared with control cells. This indicates that although the effects of PIM knockdown are transient the Th1 differentiation process is impaired by PIM kinase knockdown. In addition, T-BET and IFN␥ themselves are very highly induced during the first hours after the Th1 priming, which can also reduce the effects of the PIM knockdown. By contrast, the expression of IL-12R␤2 was still strongly inhibited by the PIM triple knockdown at the 72-h time point. Because STAT4 and IFN␥ are known to induce and maintain the expression of IL-12R␤2 (12, 13, 15, 17) , it is possible that the long term influence of PIM kinases on IL-12R␤2 is mediated via its effects on IFN␥ and STAT4.
Taken together, our results show that PIM kinases induce the early stages of human Th1 cell differentiation. They positively regulate several factors and signaling pathways critical for Th1 polarization. The mechanism through which PIM kinases regulate T-BET and IFN␥ transcription during the early phases of Th1 polarization is currently unknown. The expression of T-BET has also been shown to be controlled by TCR activation and the IFN␥/STAT1 signaling pathway (8, 9) . In addition, IL-12 and STAT4 have been reported to induce T-BET at the transcriptional level (10, 42, 43) , although this mechanism has been shown to take place in the late phase of Th1 cell differentiation (44) . The expression of IFN␥ is also regulated by TCR activation and STAT4 (11, 14) . The possible role of PIM kinases in promoting the activity of STAT1 or STAT4 is not currently known. Our unpublished data 5 suggest that PIM2 does not influence the serine phosphorylation of STAT1 at Ser 727 or STAT4 at Ser 721 , sites important for their transcriptional activities (45) . In addition, there are no conserved substrate recognition sequences for PIM kinases in STAT1 or STAT4 (46, 47) . Therefore, it is not very likely that PIM1, PIM2, or PIM3 would directly regulate the activities of STAT1 or STAT4 by serine phosphorylation.
Because PIM kinase knockdown has an effect on important Th1 differentiation regulators, we performed a genome-wide analysis of transcriptional changes caused by the PIM triple knockdown 6 h after induction of Th1 differentiation. This analysis showed that altogether 241 genes were differentially expressed and that the majority of the differentially expressed genes found in Th1 cells were not affected by the PIM knockdown in Th2 cells. Among the genes found differentially expressed in Th1 cells were TGF␤ signaling-related transcription factors SMAD2, TGIF1, and SOX4, which were all up-regulated. Although important for Th17 and regulatory T cell differentiation, TGF␤ represses the differentiation of other Th subtypes (48 -51) . Smad2 knock-out mice studies have also shown that Smad2 inhibits IFN␥ production by Th1 cells (52) . The up-regulation of these genes under Th1-polarizing conditions is in line with the impaired Th1 response seen when the expression of PIM kinases have been down-regulated. Interestingly, NFATc1, Nf-B, STAT5, and ATF2 target genes were enriched among the differentially expressed genes. In addition, all the target genes of these transcription factors except FAS ligand (FASLG) were down-regulated. Moreover, Ingenuity Pathway Analysis revealed an additional Nf-B target gene, TFIP2, down-regulated in response to PIM silencing. Two of these transcription factors, NFAT and NF-B, induced upon TCR activation contribute to the early induction of T-BET and IFN␥ expression (3, 4, 53) . Interestingly, both NFAT and NF-B have been reported to be targets of PIM kinases. PIM1 phosphorylates NFATc1 on serine residues and thereby enhances its transcriptional activity (54) . On the other hand, PIM2 stimulates NF-B-dependent transcription through the phosphorylation of oncogenic serine/threonine kinase Cot, which activates NF-B (55). ATF2, has both serine and threonine phosphorylation sites that have been reported to be phosphorylated by several different kinases, such as p38 and c-JUN N-terminal kinase (JNK) (56) . In addition, ATF-c-JUN binds to IFN␥ promoter (57, 58) . Taken together, these results support the idea that the effects of PIM kinases on the expression of T-BET and IFN␥ as well as other genes are mediated at least in part through enhanced activation of NFAT and/or NF-B.
On the basis of earlier observations (59), it is possible that PIM kinases contribute to the regulation of Th1 cell polarization by regulating the Runt-related transcription factor (RUNX) family of transcription factors. PIM1 has been shown to phosphorylate RUNX proteins and enhance their transcriptional activity. RUNX proteins in turn have been implicated in the regulation of Th1/Th2 differentiation. RUNX1 has been shown to repress GATA-binding protein 3 (GATA3) expression and to inhibit Th2 differentiation (60) , whereas RUNX3 promotes Th1 polarization in cooperation with T-BET. T-BET induces the expression of RUNX3, and they are both required for the maximal production of IFN␥ in Th1 cells (34) . Thus, taken together, it is possible that PIM kinases promote Th1 polarization by several mechanisms, i.e. by enhancing the early induction of T-BET and IFN␥ as well as by increasing the activities of RUNX proteins.
The identification of factors and mechanisms influencing the early steps of human Th cell differentiation is important for the development of interventions and therapeutics for many autoimmune and allergic diseases. In this study, we report a new function for PIM kinases, namely the regulation of Th1 cell development, thus providing new insights into the mechanisms controlling the selective development of human Th cell subsets.
